; they revealed that the protein was translated as a precursor with a transit peptide that could direct the transport of the precursor into the thylakoid lumen. Recently, Sommer et al. (1994) and Sokolenko et al. (1995) showed that the precursor to PPO, synthesized in vitro, was imported into intact chloroplasts and then to the thylakoid lumen. These molecular biological studies, together with cytochemical and immunocytochemical studies, established the lumenal localization of PPO, which suggests that the physiological function of this protein is unlikely to be the oxidation of phenolic compounds.
The difficulties associated with biochemical studies of PPO stem from the nature of the protein, which readily degrades during purification. Spinach PPO was first characterized as a 42.5-kDa protein that was reversibly converted into a 158-kDa tetramer (Golbeck and Cammarata 1981) . Until the middle 1980s, the molecular mass of PPO was believed to be around 40 kDa. However, studies with antibody against PPO revealed the presence of cross-reactive 60-to 63-kDa polypeptides (Lanker et al. 1988 ). Robinson and Dry (1992) purified the 60-kDa PPO from Viciafaba and suggested that the 41-to 43-kDa species might be a product of degradation generated during purification. It seems probable that the previously purified PPO from spinach (Golbeck and Cammarata 1981) was a similar degradation product. Amino acid sequences deduced from cDNAs for PPO also indicate that the molecular masses of mature PPOs should be around 60 kDa (Shahar et al. 1992 , Cary et al. 1992 , Hunt et al. 1993 , Hind et al. 1995 , Sokolenko et al. 1995 .
We have been interested in chloroplast proteases that might be involved in turnover of proteins for photosynthesis. We purified a DTT-sensitive protease of 39 kDa from spinach PSII membranes which was reversibly convertible to a 156-kDa tetramer (Kuwabara and Hashimoto 1990) . Recently, this 39-kDa protease was found to derive from a 60-kDa protein (Kuwabara 1995) . The purified 60-kDa protein degraded the extrinsic 23-kDa protein of PSII to yield a fragment of 20 kDa.
As indicated above, the structural characteristics of PPO and the DTT-sensitive tetrameric protease (DSTP) are very similar. Furthermore, the amino-terminal amino acid sequences of the two proteins are identical up to at least the tenth residue (Kuwabara 1995) . The circumstan-tial evidence indicates that these proteins are identical. With respect to enzymatic activity, by contrast, there is no experimental evidence to validate this hypothesis, because studies of PPO and DSTP have proceeded independently. In this study, we purified DSTP from spinach thylakoids using an affinity column with conjugated antibodies against DSTP. The purified protein had the activities of both a protease and PPO.
Materials and Methods
Materials-Spinach plants (Spinacia oleracea L. cv. Viroflay) were grown under natural light at 25 ±0.5°C during the day and at 20±0.5°C during the night, at a relative humidity of 70±5% in a greenhouse for about 8 weeks.
IgG against DSTP was purified from antiserum (Kuwabara 1995) by precipitation with ammonium sulfate (50% saturation) and anion-exchange column chromatography on DE-52 (Whatman). An affinity column was prepared from 26 mg of IgG against DSTP and 10 ml of a wet gel of cyanogen bromide-activated Sepharose 4B (Pharmacia), as described by the manufacturer.
Glucose oxidase was obtained from Sigma.
Purification of DSTP-Preparation of spinach chloroplasts and extraction of DSTP (PPO) from thylakoid membranes were performed essentially by the methods of Golbeck and Cammarata (1981) with minor modifications. In brief, chloroplasts prepared with 50 mM Tris-HCl (pH 7.5)/0.4 M sucrose/1 mM MgCl 2 /5 mM sodium ascorbate were suspended in 25 mM MES-NaOH (pH 6.5)/0.3 M sucrose/10 mM NaCl/30% (w/v) ethylene glycol and stored in liquid nitrogen until use. The suspension was thawed, diluted with 50 mM Tris-HCl (pH7.5)/l mM MgCl 2 /5 mM sodium ascorbate, and centrifuged at 14,500 xg for lOmin to remove ethylene glycol. The thylakoid membranes were washed twice with the same buffer by resuspension and centrifugation. The membranes were suspended in the same buffer at a Chi concentration of 2 mg ml"' and sonicated for 10 x 10 s with 10-s intervals (UD-201; TOMY, Tokyo). The suspension was centrifuged at 360,000 xg for 60min. The supernatant was passed through a cellulose acetate filter with a pore size of 0.45 nm (DISMIC-25cs; ADVANTEC, Tokyo). The filtrate was supplemented with 0.1% (w/v) Tween 20 for stabilization of DSTP.
Forty ml of extract were loaded on HiTrap Q-Sepharose FF (two 5-ml pre-packed columns connected in tandem; Pharmacia) that had been equilibrated with 20 mM sodium phosphate (pH 6.5)/0.1% Tween 20. The column was washed with 100 ml of the equilibration buffer and then with 30 ml of the same buffer that contained 50 mM NaCl. DSTP was eluted with 30 ml of 20 mM sodium phosphate (pH 6.5)/300 mM NaCl/0.1% Tween 20 (buffer A) at a flow rate of 2 ml min" 1 . Elution was monitored by absorbance at 280 nm. The peak fraction, designated the HiTrap Q preparation (20 ml), was loaded on a column (1.5 cm i.d.x4.7 cm) of the antibody-conjugated Sepharose 4B equilibrated with buffer A at 15°C at a flow rate of 1 ml min~', with 5-min pauses between loading of each 6-ml aliquot to facilitate antigen-antibody interactions. The column was washed with 40 ml of buffer A at 15°C. DSTP was eluted at room temperature (25°C) with 48 ml of buffer A that contained 50% (w/v) ethylene glycol. When substantial PPO activity was found in the washings from the column, the affinity chromatography was repeated with this fraction. The resultant preparation was designated affinity-purified DSTP.
Concentration and gel-filtration chromatography of affinitypurified DSTP-Affinity-purified DSTP was loaded on a column of hydroxyapatite (1.6 cm i.d. x 5 cm; Seikagaku Kogyo, Tokyo) that had been equilibrated with 10 mM sodium phosphate (pH 6.5)/0A% Tween 20 at a flow rate of 1 ml min" 1 . After washing of the column with 20 ml of the equilibration buffer, DSTP was eluted with 40 ml of 100 mM sodium phosphate (pH 6.5). The first 10 ml of the eluate were discarded, and the next 30 ml were collected. This chromatographic step removed the ethylene glycol and the concentration of Tween 20 was reduced (note that the resultant preparation contained a trace of Tween 20 that had been carried over from the washing step). The preparation was concentrated with Centriprep-10 (Amicon) to about 0.6 ml.
The concentrated DSTP was loaded on a column of Superose 12 (1 cm i.d. x 30 cm; Pharmacia) that had been equilibrated with 20 mM sodium phosphate (pH 6.5)/0.1 M NaCI/0.1% Tween 20. The column was eluted with the same buffer at a flow rate of 0.5 ml min"'. Fractions of 0.5 ml were collected.
Assay of PPO activity-PPO activity was assayed under oxygen-saturated conditions by measuring the uptake of O 2 with 1 ml of reaction mixture that contained 50 mM HEPES-NaOH (pH 7.0)/12.5mM DL-DOPA/0.3 mM linolenic acid (Golbeck and Cammarata 1981) at 25°C with a Clark-type oxygen electrode (DW-1; HANSATECH). Usually, 10-20/il of sample were used for a measurement. One unit of activity was defined as the amount of the enzyme that consumed 1 /umo\ O 2 min" 1 under the above conditions. The apparent K m was measured as described above with DL-DOPA as substrate, in the concentration range from 0.6 to 12.5 mM. Three measurements were made at each concentration. A double-reciprocal plot of the data gave a straight line with a correlation coefficient of 0.99.
Reaction of DSTP with the 23-kDa protein-An aliquot of the preparation of DSTP was mixed with the purified 23-kDa protein in a total volume of 50^*1. The mixture was dialyzed against 10 mM HEPES-NaOH (pH 7.0) at 7°C for 4 h and then incubated at 30°C for 4h, unless otherwise stated. Polypeptides generated by the reaction were analyzed by SDS-PAGE in the presence of 4 M urea (Kuwabara and Hashimoto 1990) and by immunostaining with the antiserum against the 23-kDa protein and peroxidase-conjugated secondary antibody.
Quantitation of copper and protein-Copper was quantitated by measuring atomic absorption at 326 nm with a flameless atomic absorption spectrometer (model 603 equipped with an HGA-2200 system; PERKIN-ELMER). Tips of micropipettes and sample tubes were washed with 0.1 M HC1, rinsed with pure water, and dried in a clean oven before use. In our hands, accurate injection of a 20-//1 sample into the instrument was difficult when the sample contained 0.1% Tween 20. Therefore, DSTP-T and DSTP-M were prepared by chromatography on Superose 12 as described above, but without use of Tween 20 in the elution buffer. The samples of DSTP were not desalted to avoid degradation of DSTP under low-salt conditions (Kuwabara and Hashimoto 1990) . The standard addition method was adopted for the determination. Thirty-five nl of the sample of DSTP were mixed with an equal volume of a series of dilutions of a standard solution that had been prepared by diluting a standard solution of Cu(NO 3 ) 2 (Wako, Osaka) with 0.1 M HNO 3 (analytical grade; Wako). Twenty/il of the mixture were injected into a vessel of carbon graphite, dried at 100°C for 30 s, charred at 900°C for 30 s, and atomized at 2,700 c C for 5.5 s. Three measurements were performed for each experimental point. The elution buffer used for chromatography on Superose 12 was also analyzed in the same manner for correction of the results. The extent of atomic absorption and the amount of standard Cu added were linearly related with a correla-tion coefficient over 0.99 in each sample.
Protein was quantitated by the method of Bradford (1976) with a protein assay kit (Bio-Rad) and bovine IgG as the standard. We noticed that 0.1% Tween 20 and 50% (w/v) ethylene glycol in a sample both reacted with the dye in the kit when the microassay procedure was used. Therefore, a standard curve was made for every preparation of DSTP by adding the buffer used for that preparation to a series of dilutions of the standard solution.
Other procedures--Chi was quantitated as described by Arnon (1949) . Polypeptides in preparations of DSTP were analyzed by SDS-PAGE on 12% polyacrylamide gels without urea (Kuwabara and Hashimoto 1990). The extrinsic 23-kDa protein was purified from PSII membranes of spinach and its concentration was calculated from absorption coefficient of 22 mM" 1 cm"' at 277 nm (Kuwabara and Suzuki 1994) . Polyclonal antibody against the 23-kDa protein was raised by the standard method in rabbits, with the purified 23-kDa protein as antigen, as described previously (Murata et al. 1984) .
Results
Effects of antibodies against DSTP on PPO activity of thylakoid membranes-In a previous study (Kuwabara 1995) , we showed that DSTP and PPO are structurally related with respect to their amino-terminal amino acid sequence and their ability to form tetramers. To examine the possible identity of the two proteins, we raised polyclonal antibodies against DSTP and examined their effects on the PPO activity of thylakoid membranes (Fig. 1) . The antibody inhibited the PPO activity by 90% at a concentration of 2.0 mg IgG (mg Chi)" 1 ; control IgG had essentially no IgG/Chl (w/w) Fig. 1 Effects of antibodies against DSTP on the PPO activity of thylakoid membranes. Spinach thylakoids were sonicated and treated with 0.2% (w/v) Triton X-100 at 2 mg Chi ml" 1 for 1 min. Antibody (IgG) against DSTP or control antibody was added to the thylakoids at designated concentrations; the final concentrations of Chi and Triton X-100 were 1 mg ml"' and 0.1%, respectively. After incubation at room temperature for 10 min, the PPO activity was measured in 10//1 of the suspension. The points are means of two measurements. The control activity was 13 units (mgChl)" 1 .
inhibitory effect at the same concentration, suggesting that the antibodies against DSTP specifically recognized PPO. Copurification of DSTP protein and PPO activityTaking advantage of the cross-reactivity, we purified PPO activity using the affinity column prepared with antibody against DSTP. The PPO activity was eluted from the column with a solution at pH 6.5 that contained 50% (w/v) ethylene glycol (see Materials and Methods). The use of the near-neutral solution was essential for the stabilization of spinach PPO (Golbeck and Cammarata 1981) ; we first tried using acidic and basic solutions for the elution, but we found that the protein was eluted with greatly reduced PPO activity. Conditions that allowed us to elute DSTP from the affinity column are compared in Table 1 . Using the affinity column, we completed the purification in only two days. Another essential feature of the purification procedure was the inclusion of Tween 20 in all the solutions used; this significantly inhibited degradation of the protein during purification (Kuwabara 1995) . Figure 2 shows electrophoretic profiles of preparations during the course of the purification. The purified preparation contained a polypeptide of 62 kDa, the reduced form of the 60-kDa DSTP (Kuwabara 1995) . Table 2 shows a summary of the purification in terms of PPO activity. The HiTrap Q preparation was brought to pH 6.5 in 50% ethylene glycol, to pH 2.5, or to pH 11.0. After the samples had been incubated at room temperature for 3 min, the PPO activity was measured.° Values are expressed as percentages of respective controls. * The HiTrap Q preparation (pH 6.5) was mixed with an equal volume of 100% ethylene glycol. In the control, ethylene glycol was replaced by water. The activity of the control was 13.9 units (ml extract)"
1 . ' The HiTrap Q preparation (12.2 ml) was mixed with 0.1 M glycine-HCl (pH 2.0), 0.35 M NaCl, and 0.05% Tween 20 (10 ml), which yielded a pH of 2.5. After the 3-min incubation, the mixture was neutralized with 2.2 ml of 0.3 M Na 3 PO 4 . In the control, the above two solutions were pre-mixed and added to the HiTrap Q preparation. The activity of the control was 11.4 units (ml extract)"
1 . d The HiTrap Q preparation (10 ml) was mixed with 0.1 M 3-cyclohexylaminopropanesulfonic acid (CAPS)-NaOH (pH 11.5), 0.35 M NaCl, and 0.05% Tween 20 (2.9 ml), which yielded a pH of 11.0. After the 3-min incubation, the mixture was neutralized with 3 ml of 0.1 M MES (unbuffered). In the control, the above two solutions were pre-mixed and added to the HiTrap Q preparation. The activity of the control was 8.9 units (ml extract)"
1 . From thylakoid membranes that contained 80 mg chlorophyll, we copurified about 1 mg of protein with PPO activity with a specific activity of 420 units (mg protein)"
1 . During chromatography on HiTrap Q, PPO was activated about 1.4-fold, probably as a result of aging (see below) and/or removal of inhibitory material(s) in the extract (Augustin et al. 1985) . It is possible that the activation during purification contributed to the apparent high recovery of PPO activity. When the purified preparation was stored on ice for a week, PPO was further activated to a level 1.5-fold higher than the value shown in Table 2 . The apparent K m for D L -D O P A , measured under saturating O 2 with the stored preparation, was 7.3 mM. This value is very close to 8.3 mM, the apparent K m obtained by Golbeck and Cammarata (1981) with spinach 42.5-kDa PPO. Our preparation had no monophenolase activity with tyrosine as the substrate, again resembling the preparation of Golbeck and Cammarata (1981) . The copurification of DSTP protein and PPO activity indicated that DSTP and PPO are the same protein.
Tetrameric structure of DSTP-To study the oligomeric structure of DSTP, we subjected the purified DSTP to gel-filtration chromatography on Superose 12 after concentration. Two peaks of proteins were eluted, accompanied by PPO activity (Fig. 3A) as well as proteolytic activity (Fig. 3C: see Discussion for the apparent one broad peak of the proteolytic activity). The polypeptide composition of these peaks was similar (Fig. 3B) ; both peaks contained a 62-kDa polypeptide and faintly stained 41-kDa and 21-kDa products of degradation, which were generated during the course of the purification (Robinson and Dry 1992, Kuwabara 1995) .
The eluent for the gel-filtration chromatography contained 0.1% Tween 20 for stabilization of DSTP. Under these conditions, the elution of metal-containing proteins was retarded from that of some non-metal proteins; for example, ovalbumin (43 kDa) eluted before the second peak of DSTP (Fig. 4) . For the estimation of the molecular mass of DSTP, we referred to the straight line that represented elution of metal-containing proteins, because copper was detected in our preparation (see below). The molecular masses estimated for the proteins in the two peaks were 230 and 60 kDa (Fig. 4) . The value of 60 kDa for the latter peak was consistent with that of the 62-kDa polypeptide (Fig. 3B ) and seemed to justify our approach. Based upon these molecular masses, the two peaks appeared to represent the tetrameric and monomeric forms of the protein; they were designated DSTP-T and DSTP-M, respectively.
The copper content of DSTP-To determine the copper content of DSTP-T and DSTP-M, we performed chromatography on Superose 12 without Tween 20 in the elution buffer. The absence of the detergent might be expected to facilitate degradation of DSTP; thus, this manipulation was a compromise that we introduced for the accurate determination of the copper content. Under these conditions, we obtained essentially the same elution profile as we did when Tween 20 was included in the elution buffer, but the height of the peak of DSTP-T was about half of that of the peak of DSTP-M (data not shown). The preparations of DSTP were stored on ice until PPO activity was measured two days after the day of extraction.° Total activity of the extract was taken as 100%. * One unit of PPO activity was defined as the amount that consumed 1 /imol O 2 min" 1 in 50 mM HEPES-NaOH (pH 7.5)/12.5 mM DL-DOPA/0.3 mM linolenic acid at 25°C. 
0,4
Chromatography of affinity-purified DSTP on Superose 12 was performed as described in Materials and Methods except that the elution buffer contained no Tween 20. The preparations of DSTP-T and DSTP-M were analyzed for PPO activity and the concentrations of copper and protein.
" The molecular weight of the protein was assumed to be 62,243 (Hind et al. 1995) . * Probably an overestimate due to the overlapping elution of micelles of Tween 20 during chromatography on Superose 12 (see text). tion that the molecular weight of the protein was 62,243 (Hind et al. 1995) . The copper content of DSTP-T was estimated to be 0.2 Cu atom per monomer unit, but this value could be an underestimate caused by overestimation of protein content introduced by the co-elution of micelles of Tween 20 with DSTP-T (by eluting Tween 20 only, we confirmed that the detergent eluted at the position of the shoulder that can be seen at fraction 25 in Fig. 3A) . Involvement of oxygen in the proteolytic reaction of DSTP-To examine possible involvement of oxygen in the proteolytic reaction of DSTP, purified DSTP was treated with glucose oxidase plus glucose prior to the reaction with the 23-kDa protein in order to induce anaerobic conditions. DSTP thus treated did not degrade the 23-kDa protein, whereas DSTP treated with either glucose oxidase or glucose alone degraded the substrate as well as the untreated DSTP did (Fig. 5) . These results suggest that oxygen molecules are essential for the proteolysis of the 23-kDa protein by DSTP. One may suspect instead that hydrogen peroxide generated by the reaction of glucose oxidase might have inhibited DSTP. However, when DSTP was treated with 1 mM hydrogen peroxide, the proteolytic reaction was not affected at all (data not shown). Thus, hydrogen peroxide does not seem to be involved in the inhibition of the proteolysis.
Degradation and dimerization of the 23-kDa protein by free Cu 2 * ions-Copper has the potential to oxidize amino acid residues (Gutteridge and Wilkins 1983, Stadt- tein. To examine this possibility, the 23-kDa protein was incubated with various concentrations of Cu 2+ ions (Fig. 6 ). Cu 2+ ions at concentrations up to 10~7 M caused no detectable changes in the electrophoretic profile of the 23-kDa protein under the conditions used. However, more concentrated Cu 2+ ions caused dimerization and further oligomerization of the protein, and 10~3 M Cu 2+ ions degraded the protein to fragments of 19.5 kDa and smaller, concomitant with prominent oligomerization. Nevertheless, the 20-kDa fragment characteristic of the reaction with DSTP was not generated at any of the tested concentrations of Cu 2+ ions. By contrast, the reaction with DSTP, with endogenous copper present at 1.3 x 10~7 M, clearly generated the 20-kDa fragment as well as the dimer polypeptides that appeared in the reaction with free Cu 2+ ions (Fig. 6, lane D) . These results suggest that DSTP and free Cu 2+ ions affected the 23-kDa protein similarly in some respects, but that the 20-kDa fragment was characteristic of the reaction with DSTP.
Discussion
In the present study, DSTP was copurified with PPO activity from spinach thylakoids. This observation, together with the structural similarities between DSTP and PPO (Kuwabara 1995) , suggests that the two proteins may be identical. It is known that the precursor to PPO, synthesized in vitro, can be imported into the thylakoid lumen (Sommer et al. 1994 , Sokolenko et al. 1995 , which is the location of the 23-kDa protein (Murata and Miyao 1985) . Therefore, this protein could degrade the 23-kDa protein in vivo. Since no o-diphenol substrates for PPO activity have been found in the thylakoid lumen (Mayer 1987) , it seems possible that this protein might function as a protease at that location.
DSTP was previously purified from PSII membranes, but its level in these membranes was variable (Kuwabara and Hashimoto 1990, Kuwabara 1995) . By contrast, the yield of the protein from intact thylakoids was fairly constant (Table 2 ). In the previous purification, some of the protein might have been lost during treatment of thylakoids with Triton X-100, which was used for the preparation of PSII membranes. The factor(s) that facilitates the binding of DSTP to the thylakoid membranes remains to be identified. It is possible that active photosynthesis might influence the binding, as is the case for other soluble thylakoid-lumenal proteins such as plastocyanin and violaxanthin de-epoxidase (Hager and Holocher 1994) .
The present study revealed that the 60-kDa DSTP formed a tetramer (Fig. 4) . This tetramer-forming capacity must reside in the amino-terminal 41-kDa moiety because such fragments were able to form tetramers (Kuwabara and Hashimoto 1990, Golbeck and Cammarata 1981) . In plants other than spinach, Anosike and Ayaebene (1982) reported that the 31-kDa PPO of Dioscorea bulbifera formed a tetramer, and Wichers et al. (1984) reported that the 42-kDa tyrosinase (an enzyme related to PPO) of Mucuna pruriens formed a dimer. However, such oligomeric structures have not been reported for many other PPOs. It remains to be determined whether the oligomeric structure represents the native state in vivo or just the structure of the protein extracted from thylakoid membranes, although the former seems more likely.
At the start of this study, we regarded the 20-kDa fragment of the 23-kDa protein as the product of primary degradation by DSTP (Kuwabara 1995) . In the course of the study, however, we found two other products of degradation, just below the band of the undigested 23-kDa protein (Fig. 3C) . This finding suggests that the larger one of them, not the 20-kDa fragment, is the product of primary degradation. Unfortunately, the resolution of our SDS-PAGE was not always detailed in the 23-kDa region, and we could not quantitatively analyze the proteolytic activity by quantitating the product of primary degradation. The question of how the proteolytic activity is correlated with the PPO activity remains be clarified in the future through improvement in the resolution of the SDS-PAGE.
In Fig. 3C , the intensity of staining of the 20-kDa fragment as well as of the undigested 23-kDa protein was very similar in lanes 22-29, and the peaks of DSTP-T and DSTP-M were not apparent for the proteolytic activity. The only remarkable difference between these two peaks was that one of the two degradation products described in the preceding paragraph accumulated in the reaction with DSTP-M, but not in the reaction with DSTP-T (Fig. 3C) . This result suggests that DSTP-T rapidly degraded that fragment, whereas the similar degradation by DSTP-M was rather slow. Another possibility is that only the tetramer has the proteolytic activity and that the activity of DSTP-M can be ascribed to the tetramer that was generated from the monomer by the equilibrium between the two molecular species (Kuwabara and Hashimoto 1990) after the separation of the two peaks.
The copper content of plant PPO has not yet been established, but the amino acid sequences of PPOs from various plants have revealed two Cu-binding sites in each protein molecule (Shahar et al. 1992 , Cary et al. 1992 , Hunt et al. 1993 , Hind et al. 1995 , Sokolenko et al. 1995 . One reason for this absence of information may be that PPO tends to degrade during purification (Mayer 1987) and the purification of the mature 60-kDa PPO was difficult. In the present study, the degradation was minimized by rapid purification on an affinity column and the use of 0.1% Tween 20 as a protein stabilizer. We determined that the monomeric species, DSTP-M, contained 0.4 Cu atom per protein molecule. Since PPO activity was enhanced by aging of the purified protein, the fact that the purified DSTP had substantial PPO activity suggests that it might not have been in the fully native form. The number of Cu atoms in the native protein remains to be determined.
The results depicted in Fig. 5 suggest that oxygen molecules are essential for the degradation of the 23-kDa protein by DSTP. Since DSTP can function as PPO, it is possible that some reactive complex is formed by the reaction center copper of DSTP and oxygen, as in some oxygenases that contain copper (Lerch 1981) . It seems likely that such active species caused the proteolysis. It should be noted that the valence of the reaction center copper is not necessarily + 2 when it is functioning. Since the 23-kDa protein has only one cysteine residue and its sulfhydryl group is expected to be exposed on the surface of the protein molecule (Kuwabara and Suzuki 1995) , it is possible that the sulfhydryl group can reduce the reaction center copper. The valence of the reaction center copper as well as the structure formed by the copper and oxygen needs to be clarified to unveil the mechanism by which the proteolysis takes place.
Free Cu 2+ ions not only oligomerized but also degraded the 23-kDa protein, although they did not generate the 20-kDa fragment characteristic of proteolysis by DSTP (Fig. 6 ). The oligomerization of the 23-kDa protein may not have been due to the formation of intermolecular disulfide bridge because the samples illustrated in Fig. 6 had been treated with 5 mM DTT prior to SDS-PAGE. The disulfide-linked dimer of the 23-kDa protein that occurs upon storage of the protein under non-reducing conditions can be eliminated by such treatment with DTT. As described above, the reduction of Cu 2+ ions by the sulfhydryl group of the 23-kDa protein may lead to the formation of Cu + ions. If oxygen molecules were substantially reduced by the sulfhydryl group and/or Cu + ions, hydrogen peroxide would be generated. This situation would allow hydroxyl radicals to be generated through the Fenton reaction (Gutteridge and Wilkins 1983, Stadtman 1993) , causing the oligomerization and degradation of the 23-kDa protein. This possible mechanism of the structural alterations of the 23-kDa protein remains to be experimentally proven.
